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EUROPSYCHOLOGICAL AND NEUROIMAGING DATA
have shown that the cerebellum is involved not only in motor control and movement but also in higher cognitive functions such as implicit learning, memory, attention, and temporal processing (see Desmond, 2001; Ivry & Spencer, 2004; Justus & Ivry, 2001 for reviews). For auditory perception, neuroimaging studies have demonstrated increased cerebellar activation for a variety of tasks, such as frequency, intensity, and duration discrimination (Belin et al., 2002) , as well as processing of complex nonspeech sounds (Vouloumanos, Kiehl, Werker, & Liddle, 2001 ) and musical structures (e.g., Parsons, 2001; Tillmann, Janata, & Bharucha, 2003) . Our study investigated the involvement of the cerebellum in the perception of two main structural dimensions of Western tonal music: pitch and time.
The pitch dimension refers to structural regularities concerning the use of the twelve chromatic tones (e.g., their frequency of occurrence and co-occurrence). Nonmusician listeners become sensitive to these regularities by mere exposure to musical pieces obeying this system, and the implicitly acquired tonal knowledge influences their perception of music (Bigand & Poulin-Charronnat, 2006; Francès, 1958; Krumhansl, 1990; Tillmann, Bharucha, & Bigand, 2000) . Neuroimaging research has shown the involvement of the cerebellum in tonal structure processing. The reported data do not reflect hemispheric specialization of the cerebellum, but its involvement has been reported respectively in right and left cerebellum as well as bilaterally. Cerebellar activation has been observed not only for music production (i.e., singing or piano performance, Bengtsson & Ullen, 2006; Brown, Martinez, & Hodges, 2004; Brown, Martinez, & Parsons, 2006; Callan et al., 2006; Jeffries, Kritz, & Braun, 2003; Parsons, Sergent, Hodges, & Fox, 2005) but also for music perception (Callan et al., 2006; Pallesen, Brattico, Bailey, Korvenoja, Koivisto, Gjedde, & Carlson, 2005; Parsons, 2001; Rauschecker, 2005; Satoh, Takeda, Nagata, Hatazawa, & Kuzuhara, 2003; Tillmann et al., 2003) . For example, increased cerebellar activation was observed when listeners had to detect errors in melodic or harmonic structures of musical pieces (Parsons, 2001 ) and for unexpected musical events (i.e., less important in the tonal hierarchy; Tillmann et al., 2003) . However, recent behavioral data for patients with cerebellar lesions suggest that an intact cerebellum is not mandatory for accessing implicit musical knowledge and for its influence on perception (Tillmann et al., 2008) . Despite damage to the cerebellum, patients processed musical structures and showed a musical priming effect
PERCEPTION OF TONAL AND TEMPORAL STRUCTURES IN CHORD SEQUENCES
BY PATIENTS WITH CEREBELLAR DAMAGE as did healthy college students and matched controls: chord processing was faster when the chord was musically related (and expected based on tonal knowledge) than when it was less related (and less expected). Our study aimed to further investigate tonal structure processing of cerebellar patients by replicating the musical relatedness effect with the priming paradigm and extending it to subjective judgments. This extension tested whether musical structure processing can be observed not only with implicit testing methods (i.e., the priming paradigm), but also with explicit ones. Recently, the musical priming paradigm revealed some preserved implicit knowledge in a case of severe amusia, while explicit music processing (i.e., as measured with subjective completion judgments) was impaired (Tillmann, Peretz, Bigand, & Gosselin, 2007) . The time dimension in music refers to the organization of event-onset intervals leading to rhythmic patterns and to the sensation of meter (i.e., regular succession of strong and weak beats), with isochronous sequences being the simplest version of these regularities. Listeners are sensitive to temporal regularities and develop expectations about when future events will occur (e.g., Fraisse, 1974; Jones, 1976; Povel, 1981) . Temporal expectations lead to processing advantages for regular, metrical sequences over nonmetrical (or weakly metrical) ones in production (e.g., Essen & Povel, 1985; Patel, Iversen, Chen, & Repp, 2005) , perception (e.g., Large & Jones, 1999; Tillmann & Lebrun-Guillaud, 2006; Yee, Holleran, & Jones, 1994) and memory (e.g., Bharucha & Pryor, 1986; Hébert & Cuddy, 2002) . Our study investigated the perception of regular, isochronous musical sequences (contrasted to irregular sequences) by cerebellar patients. These temporal manipulations were strong and unmusical, but represent a first attempt to study whether cerebellar damage impairs processing of temporal structures in musical material.
The involvement of the cerebellum in temporal processing has been shown for production and perception of speech and nonspeech auditory stimuli (Ackermann, Graber, Hertrich, & Daum, 1997; Ivry & Keele, 1989; Ivry & Spencer, 2004) . Beyond impairment in tapping tasks, for example, cerebellar patients were impaired in judging the duration of auditory stimuli, while still being able to judge their intensity (Ivry & Keele, 1989) . Similarly, Casini and Ivry (1999) reported impaired performance of cerebellar patients for duration judgments, but not for pitch judgments with the same stimuli. The involvement of the cerebellum in auditory tasks requiring temporal processing has been also observed in neuroimaging studies (see Petacchi, Laird, Fox, & Bower, 2005 for a review). Increased cerebellar activation was reported for discrimination of durations (Belin et al., 2002) , of temporal intervals (Jueptner et al., 1995) , and of rhythm, tempo, and meter in musical excerpts, as well as for the memory of familiar and unfamiliar rhythms (Parsons, 2001) . As for data on the pitch dimension, no specific lateralization pattern of cerebellar involvement emerged, neither from patient nor from imaging data.
Our study investigated the perception of pitch and time dimensions in chord sequences by patients with cerebellar damage. In eight-chord sequences, tonal relatedness and temporal regularity of the chords were manipulated (see Figure 1) . The last chord of the sequences was either tonally related (i.e., functioning as a tonic chord) or less related (i.e., functioning as a subdominant chord) (Bigand, Poulin, Tillmann, & D'Adamo, 2003; Bigand, Tillmann, Poulin, D'Adamo, & Madurell, 2001) . The first seven chords of the sequences were either played in a regular, isochronous way or with various irregular patterns (Tillmann & Lebrun-Guillaud, 2006) . The perception of these manipulations was tested with three tasks. Experiment 1 used the musical priming paradigm to investigate the influence of tonal and temporal structures on the speed of chord processing. Experiments 2 and 3 asked participants to judge the musical sequences by using subjective scales evaluating either the degree of completion (Experiment 2) or the degree of temporal regularity (Experiment 3). These tasks contrast direct versus indirect measures to investigate the involvement of the cerebellum in pitch and time processing in music. For various neurological disorders (e.g., amnesia, aphasia, prosopagnosia), indirect investigation methods have provided evidence for spared implicit processes in the presence of severe impairments in tasks requiring explicit processing.
Experiment 1: Musical Priming Paradigm
The musical priming paradigm is an implicit investigation method that tests the influence of tonal and temporal structures on musical event processing (see Tillmann, 2005 for a review). Without judging tonal and temporal manipulations, participants make judgments on a perceptual aspect of target chords, such as sensory consonance (e.g., Bharucha & Stoeckig, 1986) , timbre identification (e.g., Tillmann & Lebrun-Guillaud, 2006) or phoneme identification in sung music (e.g., Bigand et al., 2001) . Priming data have shown that listeners develop tonal and temporal expectations (i.e., what kind of tonal event should occur when) that lead to facilitated processing for expected targets occurring at expected time points. For example, processing is faster for tonally related tonic targets than for less related subdominant targets, and faster with regular than with irregular sequences (Tillmann & Lebrun-Guillaud, 2006) . Experiment 1 tested cerebellar patients, matched controls, and student controls for tonal and temporal expectations with a timbre identification task (i.e., is the target played by Timbre A or Timbre B). Based on priming data with cerebellar patients for sung music (Tillmann et al., 2008) , we predicted faster response times for related targets than for less related targets. Based on reported deficits (or at least alterations) of temporal feature processing for cerebellar patients (Ivry, Keele, & Diener, 1988; Malapani, Dubois, Rancurel, & Gibbon, 1998; Molinari, Leggio, DeMartin, Cerasa, & Thaut, 2003) , weaker or no differences were expected for regular versus irregular sequences for cerebellar patients in comparison to matched controls and student controls.
Method
PARTICIPANTS
Six patients with cerebellar dysfunction/lesions and six matched controls (see Table 1 and Figure 2 ) participated in this study after having given written informed consent. Four patients had bilateral cerebellar degeneration (B10, B9, B8, B3), one patient a left hemisphere focal lesion (L4), and one patient a right hemisphere focal lesion (R1). In addition, Experiment 1 was run with 15 students (mean age: 23.3 years; instrumental practice: 3.0 years ±3.8).
MATERIAL
Manipulations on pitch and time dimensions were realized in 8-chord sequences (from Bigand et al., 2003 ; for more details see Tillmann & Lebrun-Guillaud, 2006) . For the pitch dimension, the musical relatedness between prime context (first seven chords) and target (eighth chord) was modified: sequences ended either on related targets (tonic) or less related targets (subdominant). For the time dimension, the chords were played either regularly (isochronously) or irregularly (with jittered interchord intervals).
1 The last chord was played on time as expected in regular sequences.
2 Prime chords were played by an acoustic piano sound and targets by a guitar sound (Timbre A) or a harp sound (Timbre B). The experiment was run on Psyscope software (Cohen, MacWhinney, Flatt, & Provost, 1993) .
PROCEDURE
Participants were asked to decide as quickly and as accurately as possible whether the last chord of each sequence was played by Timbre A or Timbre B by pressing one of two keys on the computer keyboard. Error feedback was given. A short random tone sequence was presented after each response to empty sensory memory and avoid tonal carryover effects from trial to trial. Pressing the space bar started the next trial. Short breaks were imposed and participants had the option of taking additional breaks. Each participant judged 96 sequences presented in random order.
Results
Mean accuracy was 91% for matched controls (ranging from 69% to 100% for Timbre A and from 79% to 98% for Timbre B) and 85% for patients (ranging from 79% to 100% for Timbre A, except for R1: 40%, and 73% to 100% for Timbre B). Because of faster mean correct response times for matched controls (761 ms) and strong intersubject variability for patients (1024 ms to 2270 ms), absolute response times were individually normalized to z-scores with a mean of 0 and a standard deviation of 1. These zscores (see Figure 3) were analyzed separately for Timbre A and Timbre B because a first analysis revealed interactions involving Target timbre. A series of 2 × 2 × 2 ANOVAs were performed with Group (Patients, Matched controls) as the between-participants factor, Regularity (Regular, Irregular) and Musical Relatedness (Related, Less related) as within-participant factors, and participants (F 1 ) or items (F 2 ) as random variables. For Timbre A, the interaction between Group and Regularity was significant, F 1 (1, 10) = 9.44, p < .05; F 2 (1, 22) = 15.71, p < .001. For patients, response times were faster for regular than irregular sequences, F 1 (1, 5) = 6.69, p < .05 and F 2 (1, 11) = 11.84, p < .01, but not for matched controls. For the participants analyses, the interaction between Regularity and Relatedness was marginally significant, F 1 (1, 10) = 3.91, p = .08, but the differences between related and less related targets were not significant for regular or irregular sequences (p > .28). No other effects were significant.
For Timbre B, the main effect of Musical Relatedness was significant, F 1 (1, 10) = 11.59, p < .01 and F 2 (1, 22) = 5.58, p < .05, with faster response times for related than less related targets. For the participants analysis, the interaction between Musical Relatedness and Group was marginally significant, F 1 (1, 10) = 3.82, p = .08: the difference between related and less related targets was stronger for patients, F 1 (1, 5) = 31.88, p < .01, than for matched controls (n.s.). In addition, the interaction between Regularity and Group was marginally significant, F 1 (1, 10) = 3.36; p = .097: response times were faster for regular than for irregular sequences for matched controls, F 1 (1, 5) = 18.56, p < .01, but not for patients (n.s.). No other effects were significant.
STUDENT GROUP
Since the data of matched controls did not replicate significantly the data of students (Tillmann & LebrunGuillaud, 2006) , we considered whether selecting a subset of conditions might have influenced the overall data and ran an additional student group with the present experimental design. The outcome replicated the previous finding, with significant main effects of Relatedness,
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FIGURE 2. The location of cerebellar damage for the patients with focal lesions. The other patients had cerebellar degeneration and because of their progressive condition, the state of degeneration at the time of the study could not be precisely documented (note that cerebellar degeneration is generally bilateral and symmetrical). Seven horizontal slices through the pons and the cerebellum are shown, with the most superior slice at the top. The corresponding sections in the atlas by Schmahmann, Doyon, Toga, Petrides, and Evans (2000) are approximately: z = −9, −17, −25, −33, −41, −49, and −57. The left side of each slice corresponds to the patient's left side. Darker color indicates a lesion. For further details on these reconstructions, see http://socrates.berkeley.edu/~ivrylab/facilities/ recons.html F 1 (1, 14) = 14.54, p <.01 and F 2 (1, 11) = 9.96, p <.01, and of Regularity, F 1 (1, 14) = 9.82, p <.01 and F 2 (1, 11) = 12.59, p <.01. In addition, response times were faster for Timbre A than Timbre B, F 1 (1, 14) = 48.29, p <.001 and F 2 (1, 11) = 33.25, p <.001, but Target Timbre did not interact significantly with Relatedness and/or Regularity.
Discussion
Experiment 1 investigated the perception of pitch and time dimensions in chord sequences with the priming paradigm. Student data replicated the influence of musical relatedness and temporal regularity for both target timbres (Tillmann & Lebrun-Guillaud, 2006 ): Processing was faster for related than for less related targets, and faster with regular than with irregular sequences. For patients and matched controls, however, the influence of the two dimensions depended on the target timbre.
For Timbre B, processing was faster for related than for less related targets. Surprisingly, this effect of musical relatedness reached significance only for patients, but not for matched controls (even if mean response times were shorter for related targets). 4 For each patient, the mean differences reflected the facilitation for related targets. This outcome extends the previously shown musical priming effect in cerebellar patients (Tillmann et al., 2008 ) from sung phoneme identification to timbre identification and to four other cerebellar patients (L4, B10, B9, B8). The two data sets suggest that cerebellar patients process musical structures and develop tonal expectations, which influence the speed of chord processing. However, no processing advantage for regular over irregular sequences was observed for the patients. This observation suggests that patients were less able to use the regular structure to anticipate the temporal occurrence of the target precisely than were matched controls and students.
In contrast to Timbre B targets, only the regularity effect was significant for Timbre A targets in patients: targets were judged faster in regular than in irregular sequences. Timbres A and B were different from the timbre used for the prime context and the faster response times for Timbre A than Timbre B 5 suggest that the timbral dissimilarity with the prime timbre was stronger for Timbre A. This more dissimilar timbre might serve as an acoustic surface marker indicating clearly when to respond, speeding up responses overall. This surface marker indicates the target without requiring listeners to rely on a precise internal clock, useful for the anticipation of the last chord. Observing a processing advantage with Timbre A targets for patients suggests the hypothesis that some internal timing mechanism (which is sensitive to regular structures) is also functioning in patients, but requires some supplementary help (i.e., the acoustic surface marker of Timbre A) to advantage processing speed. However, without this marker (as in Timbre B trials) the finding suggests a deficit or reduced capacity of cerebellar patients to take advantage of the regular structures for processing speed.
In sum, patients' data for Timbre B trials replicate the musical relatedness effect, but suggest a deficit in the perception of temporal regularity. However, because of the small group of cerebellar patients and the observed variability, Experiments 2 and 3 further investigated the processing of pitch and time dimensions for these Timbre B trials. Explicit tasks were used with the aim to confirm the musical relatedness effect and to investigate whether a regularity effect might be observed with explicit judgments of completion and regularity.
Experiment 2: Completion Judgments
Cerebellar patients and matched controls judged the degree of completion for musical sequences of Experiment 1 (ending on Timbre B). Based on previous data (Bigand & Pineau, 1997; Tillmann & Lebrun-Guillaud, 2006) , related sequences were expected to be judged as more complete than less related ones. The less related subdominant induces a feeling of tension, which contrasts the related tonic inducing a feeling of completion and relaxation. Experiment 2 aimed to investigate whether for cerebellar patients the sensitivity to musical relatedness extends to explicit judgments or is restricted to the implicit priming paradigm, as observed for an amusic patient (Tillmann et al., 2007) . Furthermore, the irregularity of the prime context might lead to weaker completion judgments compared to regular prime contexts.
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5 Response times were faster overall for Timbre A than Timbre B in student controls (Timbre A: 642 ms; Timbre B: 719 ms), in matched controls (Timbre A: 736 ms; Timbre B: 786 ms) and in patients as a group (Timbre A: 1667 ms; Timbre B: 1810 ms) and individually for L4 (mean RT for B -mean RT for A = 15 ms), B10 (= 224 ms), B9 (= 387 ms), B8 (= 218 ms) and B3 (= 28 ms), except for R1 (= −13 ms). 4 For matched controls, significance was not reached for all effects (in contrast to students). Mean RT for Timbre B reflected the influence of musical relatedness and regularity, but only the regularity effect was significant. This missing effect strength might be due to the small group size or to age differences leading to more variable response times. Consequently, we refer to deficits for cerebellar patients only when effects were significant for students and matched controls. This was the case for the regularity effect in Timbre B (which then became the focus of Experiments 2 and 3).
Method
PARTICIPANTS
Cerebellar patients and matched controls were the same as in Experiment 1.
MATERIAL AND PROCEDURE
Sequences ending on Timbre B targets of Experiment 1 were used. Participants were asked to rate the degree of completion (i.e., how well the sequence ended) of each sequence by using an 8-point scale (from 1 = "incomplete" to 8 = "very complete"). At the end of each sequence, the scale appeared on the screen. Participants verbally indicated their judgment to the investigator who pressed one of eight keys on the computer keyboard. As the participants were wearing headphones, the investigator could not hear the sequences and could not inadvertently influence their responses. Before the experimental phase, participants received four practice trials to familiarize themselves with the experimental procedure. Short breaks were indicated during the experiment and further breaks could be added. Figure 4 , top) were analyzed by 2 × 2 × 2 ANOVAs with Group (Patients, Matched Controls) as the between-participants factor, Regularity (Regular, Irregular) and Musical Relatedness (Related, Less related) as within-participant factors, and participants (F 1 ) or items (F 2 ) as random variables. Patient B3 opted not to complete this part of the study. He repeatedly claimed not to be able to tell any difference between completed and less completed sequences and resisted further explanations of the concept of completeness.
Results
Completion judgments (see
The main effects of Regularity, F 1 (1, 8) = 6.14, p < .05 and F 2 (1, 22) = 64.05, p < .0001, and of Relatedness, F 1 (1, 8) = 20.99, p < .001 and F 2 (1, 22) = 35.70, p < .0001, were significant: sequences were judged as more complete when ending on related targets than on less related targets and when being played regularly than when played irregularly. For the item analysis, the interaction between Regularity and Group was significant, F 2 (1, 22) = 10.27, p < .01: The difference between regular and irregular sequences was stronger for matched controls, F 2 (1, 11) = 47.40, p < .0001, than patients, albeit still significant, F 2 (1, 11) = 17.05, p < .01. In addition, there was a main effect of group, F 1 (1, 8) = 3.90, p = .08 and F 2 (1, 22) = 26.50, p < .0001: patients judged sequences as being more complete than did matched controls.
Discussion
Experiment 2 showed that cerebellar patients and matched controls judged sequences as sounding more complete when ending on a related chord than a less related chord and when played regularly than when played irregularly. The relatedness effect was as strong for matched controls as for patients, and all mean differences indicated higher degrees of completion for related sequences (except regular sequences for B10). A possible exception is patient B3, who did not want to continue this particular task beyond the first few trials, claiming that he did not understand the difference between completed and uncompleted sequences. It could be argued that B3's reluctance to complete this portion of the study resulted from impaired explicit processing of harmonic relations, but-based on his behavior-we rather suspect that B3 was largely unmotivated to do this particular task.
The relatedness effect for the remaining group of cerebellar patients (i.e., those participating in this experiment) is in agreement with priming data of Experiment 1 and points out that cerebellar patients process harmonic relations also at an explicit level. In contrast to the priming data, completion judgments showed that patients were sensitive to the timing manipulation, even if the regularity effect was less strong than for matched controls.
Experiment 3: Regularity Judgments
Experiment 3 aimed to further investigate the perception of temporal regularity by cerebellar patients using an explicit task on the time dimension. Since these explicit judgments directly focused on the temporal regularity of the sequences, we expected stronger differences between judgments for regular and irregular sequences, which would allow us to further define deficits in the cerebellar group and/or individual cases.
Method
PARTICIPANTS
MATERIAL AND PROCEDURE
Sequences ending on Timbre B targets of Experiment 1 were used. Participants were asked to rate the degree of regularity (i.e., how evenly paced the sequence was) of each sequence by using an 8-point scale (from 1 = "irregular" to 8 = "very regular"). The procedure was as described in Experiment 2. Figure 4 , bottom) were analyzed using 2 × 2 × 2 ANOVAs with Group (Patients, Matched Controls) as the between-participants factor, Regularity (Regular, Irregular) and Musical Relatedness (Related, Less related) as within-participant factors, and participants (F 1 ) or items (F 2 ) as random variables. The main effect of Regularity was significant, F 1 (1, 10) = 53.68, p < .0001 and F 2 (1, 11) = 2022.96, p < .0001: regular sequences were judged as being more regular than irregular sequences. For the item analysis, the main of Experiment 3 (bottom) for matched controls (C) and patients (P), followed by each patient. Ratings are presented as a function of regularity (regular, irregular) and musical relatedness (related, less related). Error bars indicate standard errors (over participants for groups and over sequences for each patient). For patients, abbreviations refer to lesion type: L = left hemispheric focal lesion, R = right hemispheric focal lesion, and B = bilateral degeneration.
Results
Regularity judgments (see
effect of Group was significant, F 2 (1, 22) = 23.93, p < .0001, and interacted with Regularity, F 2 (1, 22) = 50.61, p < .0001: the difference between regular and irregular sequences was stronger for matched controls, F 2 (1, 11) = 1839.75, p < .0001, than for patients, although still significant, F 2 (1, 11) = 567.76, p < .0001.
Discussion
For matched controls and patients, regular sequences were judged as more regular than irregular sequences. This difference was observed for each patient, except for patient B10. The explicit temporal judgments indicated that, despite cerebellar lesions, patients perceive the regularity and irregularity of the sequences. It is important to point out that the difference between regular and irregular sequences was weaker for patients than for matched controls, mainly because patients judged irregular sequences as less irregular than controls (except for B9).
General Discussion
Our study investigated the perception of tonal relatedness and temporal regularity in musical sequences by cerebellar patients. Experiment 1 used an implicit investigation method with timbre identification and focused on the influence of musical expectations (developed on pitch and time dimensions) on the speed of chord processing. Experiments 2 and 3 used subjective judgments of completion and of temporal regularity and required listeners to give explicit judgments on the musical sequences. Completion judgments are influenced by both pitch structures and temporal structures. Regularity judgments focus listeners' judgments on temporal structures only.
For the processing of the pitch dimension, the findings suggest that cerebellar patients process musical relatedness comparably to healthy listeners, with facilitated processing for related chords (see also Tillmann et al., 2008) and stronger feelings of completion for sequences ending on related chords. Patients' sensitivity to musical relatedness is thus not restricted to implicit investigation methods, but extends to an explicit task. The two studies provide converging evidence that despite damage to the cerebellum, listeners remain able to develop expectations in music based on associative/sequential relationships between tones and chords and that an intact cerebellum is not mandatory for accessing implicit knowledge stored in long-term memory and for its influence on perception.
For the processing of the time dimension, however, sensitivity for temporal structures (regular versus irregular) was observed with the explicit tasks, but not with the implicit task (for the same sequences ending on Timbre B). The lack of regularity effect in the priming data cannot be attributed to a missing sensitivity of the dependent variable of this paradigm since response times revealed a processing advantage for musically related targets. In contrast to the priming data, the completion and regularity judgments show that cerebellar patients perceived the temporal manipulations in the chord sequences. However, the cerebellar impairment leads to smaller differences than those observed for matched controls: patients judged the irregular sequences as more complete and less irregular than did matched controls. The comparison of subjective judgments (on completion and regularity) with the priming data suggests that patients-even if perceiving the irregularityare not using the temporal organization of the sequence to develop temporal expectations about the precise ending point of the sequence, which would then have led to faster response times for regular sequences. This finding suggests that the patients' perception of temporal structures might be less accurate, less fine tuned, and/or less rapidly developed than for healthy listeners. It complements previously reported data patterns showing deficits in perception and production of temporal features in auditory material (Casini & Ivry, 1999; Ivry & Keele, 1989) , even if temporal processing is not abolished by cerebellar impairment. The completion and regularity judgments of the sequences can be based on the accumulation of various deviations over time without precise temporal processing. Interestingly, the priming data for Timbre A also suggest some remaining sensitivity of cerebellar patients to regular versus irregular temporal structures, but in order for temporal expectations to influence processing speed, a salient acoustic surface marker for the target seems to be needed.
Our study investigated subtle differences in musical relatedness (i.e., related and less related chords are both in-key chords), but strong, unmusical temporal manipulations contrasting regular, isochronous sequences with irregular sequences. For the same sequences (Timbre B trials), cerebellar patients seemed to have a deficit in developing temporal expectations based on isochrony or lack thereof (as suggested by the priming data), while still processing the differences in these temporal structures (as suggested by the subjective judgments). Future research using more subtle temporal manipulations in musical material (also related to more complex temporal representations involving rhythm and meter) will allow us to further specify the deficit of temporal processing and its influence on music perception.
In addition to the patient group data, it is important to point out that the group of cerebellar patients also revealed individual differences, most particularly for the processing of the temporal manipulations. For the priming data of Timbre B, all patients showed a processing advantage of related over less related targets, but only patient B9 presented an advantage of regular over irregular sequences with both related and less related targets. For the completion task, the individual data revealed that the musical relatedness effect was present in each patient (except for B10 for regular sequences), but only patients L4 and B9 showed a regularity effect comparable in size to that of matched controls. For the temporal regularity task, a difference between regular and irregular sequences was observed in each patient (except for B10), but to varying extents.
The group of cerebellar patients included two patients with lesions and four with cerebellar degeneration. For the lesion patients, the completion and regularity data show that patient L4 had a more similar pattern to matched controls than had patient R1. For patient R1, the completion judgments were influenced by musical relatedness, but not by temporal regularity, and the difference for regularity judgments between regular and irregular sequences was reduced in contrast to matched controls. A possible hypothesis about hemispheric differences (and/or lesion location) needs, however, further testing with a larger patient pool with focal lesions. For the degeneration patients, the time elapsed since diagnosis varied between patients and the differences in durations can be linked to the data patterns. Patients B3 and B9 were diagnosed more recently (i.e., 3 years prior to the study) and their data patterns for subjective judgments were close to the data patterns of matched controls. For both patients, the difference in regularity judgments between regular and irregular sequences was comparably strong to the one observed for matched controls. For patient B9 (B3 did not complete this task), completion judgments also showed a strong difference between regular and irregular sequences (even stronger than for matched controls). Interestingly, even B9's priming data for Timbre B trials showed slower mean response times for irregular than for regular sequences. In contrast to these patients, the completion and regularity judgments for patients B10 and B8 either showed no difference or a reduced difference between regular and irregular sequences. Patients B10 and B8 were diagnosed 16 and 12 years, respectively, prior to the study, and represent the more severe cerebellar degeneration among the patients tested here. The overall data pattern thus suggests the implication of the cerebellum in temporal structure processing, even for our strong temporal manipulations: for more advanced cerebellar degeneration, impairment is observed even for the explicit tasks.
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